The expression of phenotypic plasticity may differ among life stages of the same organism. Age-dependent plasticity can be important for adaptation to heterogeneous environments, but this has only recently been recognized. Whether age-dependent plasticity is a common outcome of local adaptation and whether populations harbor genetic variation in this respect remains largely unknown. To answer these questions, we estimated levels of additive genetic variation in age-dependent plasticity in six species of damselflies sampled from 18 populations along a latitudinal gradient spanning 3600 km. We reared full sib larvae at three temperatures and estimated genetic variances in the height and slope of thermal reaction norms of body size at three points in time during ontogeny using random regression. Our data show that most populations harbor genetic variation in growth rate (reaction norm height) in all ontogenetic stages, but only some populations and ontogenetic stages were found to harbor genetic variation in thermal plasticity (reaction norm slope). Genetic variances in reaction norm height differed among species, while genetic variances in reaction norm slope differed among populations. The slope of the ontogenetic trend in genetic variances of both reaction norm height and slope increased with latitude. We propose that differences in genetic variances reflect temporal and spatial variation in the strength and direction of natural selection on growth trajectories and age-dependent plasticity. Selection on age-dependent plasticity may depend on the interaction between temperature seasonality and time constraints associated with variation in life history traits such as generation length.
INTRODUCTION
Phenotypic plasticity is the ability of a genotype to express different phenotypes under different environmental conditions and is an important aspect of adaptation to heterogeneous environments (West-Eberhard, 2003; Pigliucci, 2005; Gavrilets and Losos, 2009 ). Theory suggests that plastic genotypes should be favored when phenotypes' fitness depends on the state of the environment, environmental cues are reliable and the fitness benefits of plasticity are not offset by costs of plasticity (Via and Lande, 1985; Gomulkiewicz and Kirkpatrick, 1992; Lande, 2009; Van Buskirk and Steiner, 2009) . If the same phenotype has higher fitness across a range of environments, natural selection can favor canalized genotypes with flat reaction norms (Debat and David, 2001; Ghalambor et al., 2007) . The strength of plasticity (measured as the slope of reaction norms) is frequently found to depend on the age or stage of the studied organism (Schultz et al., 1996; Temple, 1998; Wilson et al., 2000) , suggesting that age-dependent plasticity is a widespread phenomenon. Until very recently, however, the evolution of age-dependent plasticity had not received systematic study (Fischer et al., 2014) . We still do not know when plasticity should become stronger or weaker with age, if among-population differentiation in age-dependent plasticity is a common outcome of local adaptation, or if natural populations harbor genetic variation necessary for age-dependent plasticity to evolve.
Individual growth (that is, changes in body size over time) represents a promising trait for studying the evolution of agedependent plasticity. Body size is a key component of fitness, affecting larval and adult survival, generation length, population growth rate and adult reproductive success (Ludwig and Rowe, 1990; Roff, 1992; Rudolf, 2007) . Growth is strongly plastic with respect to temperature, displaying a non-linear thermal reaction norm (TRN) with a gently increasing rising phase, a single optimum and a rapidly decreasing falling phase (Angilletta, 2009) . Several aspects of TRNs differ among species and populations, but organisms tend to spend the vast majority of their time at temperatures below their thermal optimum (Savage et al., 2004; Frazier et al., 2006; Asbury and Angilletta, 2010) , indicating that variation in the slope of the rising phase (G × E; Pigliucci, 2005) is of considerable importance to organisms in nature. The slope of the rising phase of TRNs is indeed known to differ systematically among species from different habitats (Dell et al., 2011; Nilsson-Örtman et al., 2013a, b) and in different life stages (Spence et al., 1980; Schultz et al., 1996; Van Doorslaer and Stoks, 2005) .
Several studies have investigated how genetic variances in size changes across ontogeny (G × Age), revealing strikingly different ontogenetic trajectories among species (Cheverud et al., 1983; Wilson and Réale, 2006; Dmitriew et al., 2010) . In some species, variances decrease as individuals approach maturity, which has been interpreted as targeted growth, whereby individuals converge on a single phenotype that is favored by selection (Monteiro and Falconer, 1966; Wilson et al., 2005) . In other species, genetic variances increase during ontogeny. This may simply reflect that variances tend to increase with the mean of the distribution from which they are estimated (Houle, 1992 ). Yet mean-standardized variances have frequently been found to increase with age, which has been suggested to reflect either variance compounding (that variances increase because later stages inherit variability expressed during earlier stages in addition to any new sources of variation) or that later stages have more time to accumulate mutations (Houle, 1998; Wilson et al., 2005) . We are not aware of any studies that have explored how genetic variances of plasticity in size change across ontogeny (G × E × Age). But as for size, variances are likely determined by how the relative strengths of selection (that reduce variances) and variance compounding and mutation (that increase variances) changes over time relative to the life span of the organism (Kingsolver et al., 2001; Wilson and Réale, 2006; Stinchcombe and Kirkpatrick, 2012) . As an example, consider the scenarios shown in Figure 1 . In the first scenario, selection has not acted on plasticity: the average slope of reaction norms remains constant across ontogeny while genetic variances in both slope and height increase with age due to variance compounding or mutation accumulation ( Figure 1c ). In the second scenario, selection has favored an increase in plasticity over ontogeny: the slope of reaction norms increases with age and levels of genetic variation are reduced with age because additive genetic variances become depleted ( Figure 1f ). Many other scenarios are of course possible. Under either scenario, the potential for subsequent evolutionary change may differ depending on whether populations harbor genetic variation in the height (Figures 1a and d In nature, selection on growth and thermal plasticity may be expected to vary in strength and direction depending on species' life histories and patterns of environmental variation. Selection may for example favor fast-growing and highly plastic genotypes when organisms experience strong seasonal time constraints (Rowe and Ludwig, 1991) . Alternatively, plastic genotypes may be favored in environments with slow and predictable seasonal changes in temperature but not in habitats with rapid and stochastic changes (NilssonÖrtman et al., 2013a,b; Ezard et al., 2014) . Selection on plasticity may also vary in strength across the year, for example, due to seasonal differences in environmental stochasticity (Gabriel et al., 2005) or because organisms migrate between different habitats (Temple, 1998) . These examples only illustrate a few ways by which selection on growth and plasticity may vary in space and time; many more are certainly possible. Importantly, we can get clues about past selection on growth rates and age-dependent plasticity and the potential for further evolutionary change by quantifying plasticity and genetic variation in plasticity across ontogeny in multiple populations with different life histories from across species' ranges.
In this study, we estimate additive genetic variation in the height and slope of TRNs of age-specific body size at three points in time during ontogeny using full-sib damselfly larvae originating from 18 populations of 6 Coenagrion damselfly species sampled along a 3600-km latitudinal transect (Figure 2 ). Note that we analyze reaction norms of body size, but because size was measured at the same age in all individuals it represents a measure of growth rate. Damselflies have a complex life history with an aquatic larval stage where all structural growth takes place (Stoks and Córdoba-Aguilar, 2012) . Larvae are ecologically important predators on smaller invertebrates. Winters are spent in diapause as larvae. The duration of the larval stage ranges from 1 year at lower latitudes to 2 or 3 years above~58°N (Corbet et al., 2006) . Because of their large range sizes, relatively long life span and variation in generation length, the strength and direction of selection on plasticity is likely to vary among latitudinal populations of damselflies. These species thus represent an excellent opportunity to investigate the interacting effects of generation length and Figure 1 Hypothesized ontogenetic patterns of plasticity and genetic variation in plasticity of size across a thermal gradient, illustrating how ontogenetic changes in variance may increase over ontogeny due to variance compounding (a-c), or decreased over ontogeny due to selection (d-f). Three different reaction norms per genotype are shown in each panel, representing different age classes: early (black), intermediate (light gray) and late (medium gray) ontogeny. In a and d there is genetic variation in height (intercept); in b and e there is genetic variation in slope; and in c and f there is genetic variation in both height and slope. In a-c, no selection has acted on age-dependent plasticity and genetic variances increase over ontogeny due to variance compounding. In d-f, selection has favoured an increase in plasticity over ontogeny, leading to a reduction in additive genetic variances over ontogeny.
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We predict that genetic variances in both the height and slope of reaction norms should generally decrease across ontogeny reflecting targeted growth, as we expect stabilizing selection on size at maturity to be pervasive. For growth rate (TRN height), we predict that genetic variances should be lower on average and decrease more strongly across ontogeny in populations from mid-latitudes, because we expect selection on growth rates to be strongest in populations that maintain a 1-year life cycle under strong time constraints. For plasticity (TRN slope), we predict that genetic variances will be lower on average and decrease more strongly across ontogeny at lower latitudes, where seasonal changes in temperature are slower, which we expect will favor stronger canalization in later growth stages that occur in fall and winter. Alternatively, variances in TRN slope may be expected to be lowest at mid-latitudes, if strong seasonal time constraints favor plastic individuals who can exploit a greater range of conditions.
MATERIALS AND METHODS

Field sampling and experimental design
To quantify genetic variances in growth and plasticity, we performed a maternal full-sib breeding experiment using larvae from six species of damselflies. A total of 278 full-sib egg clutches were collected in the field according to a strict, hierarchical sampling design (Figure 2 ). The species were chosen because they represent three distinct modes of geographic distribution: Coenagrion armatum and C. johanssoni are found in boreal parts of Northern Europe (Figures 2a and b) , Figure 2 Overview of the hierarchical sampling design followed when collecting the eggs from which the larvae used in the experiment originated. Six species were sampled, of which two occur in Northern Europe (a, b), two occur in Central Europe (c, d) and two occur in Southern Europe (e, f) (referred to as species distributions). From each species, we sampled populations from near the northern and southern range margin, as well as in the central part of each species' range (gray squares in a-f; referred to as latitudinal populations). From each latitudinal population, we typically sampled three different ponds, streams or lakes (referred to as subpopulations). An example of these subpopulations is shown for C. armatum in g. Genetic variances were estimated at the level of latitudinal populations, combining data from all three subpopulations.
C. puella and C. pulchellum are found across most of Central Europe (Figures 2c and d) , and C. mercuriale and C. scitulum are found in southern Europe (Figures 2e and f) . Each species was sampled in three distinct geographic regions: close to its northern range margin, in the core part of its range and close to its southern range margin (latitudinal populations; gray squares in Figures 2a-f) . From each latitudinal population, we sampled between two and four subpopulations, that is, individual ponds, lakes or streams (Figure 2g ). The full hierarchical structure of the experiment was thus subpopulations nested in latitudinal populations nested in species nested in distribution modes (Figure 2 ). Egg clutches were produced by collecting mated females in the field and keeping them individually in plastic jars lined with wet filter paper at room temperature until they laid eggs in the filter paper. Egg clutches were then brought to the laboratory and kept at 20°C until hatching. Our aim was to collect 5 egg clutches from each subpopulation, corresponding to a total sample size of 5 clutches × 3 subpopulations × 3 latitudinal populations × 3 species distributions × 2 replicate species = 270 clutches. In reality, we were able to produce 2-9 clutches from 2-4 subpopulations per latitudinal population (medians were 5 egg clutches from 3 populations), yielding a total sample size of 278 clutches from 18 latitudinal populations and 52 subpopulations. For an overview of population coordinates and sample sizes, see Supplementary Table S1 . The aim was to estimate levels of additive genetic variation in the height and slope of reaction norms at three early stages of ontogeny (G × E × Age) in each of the 18 latitudinal populations. By using a full-sib breeding design, our variance estimates include an unknown component of maternal and environmental effects. We favored this approach as more powerful designs such as half-sib experiments would be very challenging logistically due to the relatively long generation time, low egg-to-adult survival and complicated mating behaviors of damselflies (Cordera, 1990) . Available evidence suggest that maternal effects are generally weak and/or non-significant in damselflies (Strobbe and Stoks, 2004; Shama et al., 2011) . To test for maternal effects, we measured the size at hatching of the studied populations and tested if hatching size correlated with size at day 42.
Growth experiment
Immediately following hatching, five offsprings per clutch were randomly allocated to one of the three constant temperature treatments: 19.5, 21.5 or 24.0°C (C. johanssoni) or 16.3, 19.5 or 21.5°C (remaining species). C. johanssoni have higher thermal optima than other species so these temperatures span approximately the same part of the initial, rising phase in all species (Figure 3 ; also see Nilsson-Örtman et al., 2012) . When the experiment started, it consisted of 4360 individuals from 278 families. Larvae were given a food ration of 282 ± 62 (mean ± s.d., n = 25 food doses) laboratory-reared brine shrimps nauplii 6 days a week. Treatments were switched between growth chambers three times during the experiment to avoid room effects. The photoperiod was maintained at 14-h light:10-h dark. For a full description of the rearing conditions, see the study by Nilsson-Örtman et al. (2012) .
We measured the head width of each individual larva at the age of 42, 84 and 126 days (±1 day). Head width was defined as the maximum distance between the distal parts of the eyes. This measure represents a good approximation of overall size in damselflies as it displays less allometric variation compared with other size measures (Corbet, 1999) . Due to human error, no measurements were taken on central latitudinal populations of C. pulchellum at day 84. The experiment covers almost 80% of the larval development at 21 and 24°C, and about 60% of the larval development at 19°C. The majority of the larvae had approached the asymptotic size at day 126.
The fieldwork and subsequent growth experiment was spread over a period of 3 years: C. johanssoni (all latitudinal populations), C. armatum (all) and C. puella (c, n) were collected and reared during 2008; C. mercuriale (all), C. puella (s), C. pulchellum (c, n) and C. scitulum (c, s) were collected and reared during 2009; C. puella (additional n), C. pulchellum (s, additional n) and C. scitulum (n) were collected and reared during 2010. C. armatum, C. puella, C, pulchellum and C. scitulum were reared in Umeå, Sweden, whereas C. johanssoni and C. mercuriale were reared in Leuven, Belgium. 
Data analyses
For each family, we had head width measurements taken at three points in time on full-sibs reared in three different environments. Our aim was to use random regression modeling to partition the observed variation in age-specific head widths into three components: a fixed component (basis function) describing the mean age-specific reaction norm for each subpopulation, a random regression component containing the additive genetic variation (family effect) in height and slope around the subpopulation mean reaction norm and a random component with residual environmental variation (Nussey et al., 2007) . To decide on the fixed effects structure, we first fitted 18 separate analysis of covariances (ANCOVAs) for each combination of species and latitudinal population, modeling larval head widths as:
Age and subpopulation were categorical variables and temperature was a continuous variable. Two-way interactions between age and temperature and between subpopulation and temperature were included to test for differences in the slope and curvature of TRNs. Significance of model terms was assessed based on F-tests. All models were fitted using untransformed variables. Based on the outcome of these ANCOVAs, we decided to exclude the interaction between subpopulation and temperature 2 but retain all other variables in subsequent random regression models. To quantify variation in the height and slope of TRNs across latitudes, we fitted separate ordinary least-squares regressions between log(hw) and log(temperature) for each combination of the latitudinal population and age. We extracted the estimated regression coefficient from these models as a measure of age-specific reaction norms slope. Age-specific reaction norm height was defined as the predicted value at 21°C (on the log-log scale) from these regressions. We fitted an ANCOVA between age-specific reaction norm height and age, treating the residuals from this model as a measure of age-corrected reaction norm height. To test for latitudinal trends in TRN height and slope, we fitted ANCOVAs of the effect of latitude and latitude 2 on age-corrected reaction norm height and age-specific reaction norm slope, respectively. Significance of model terms was calculated based on t-tests.
Genetic variation in growth and plasticity
We fitted random regression models to data from each combination of species, latitudinal population and age to estimate additive genetic variances in the height (V A height) and slope (V A slope) of TRNs at the age of 42, 84 and 126 days. The head width of individual from a family at temperature T was modeled as:
The first set of parameters are the fixed effects representing the mean subpopulation reaction norm; (a i +e i ) represent genetic and non-genetic variation in the height of reaction norm relative to the mean population reaction norm (that is, G or the breeding value in classical quantitative genetics); (a Ti +e Ti )T i represent the genetic and non-genetic variation in the slope of reaction norms (that is, G × E or plasticity); and ε ij is the residual error. Age-specific reaction norms for each latitudinal population are shown in Figure 3 , but note that Equation 2 fit separate reaction norms for each subpopulation (generally three per latitudinal population) and age class. We fitted Equation 2 to data from each combination of species, latitudinal population and age using Bayesian Markov Chain Monte Carlo methods using the R function MCMCglmm (Hadfield, 2012) . The response variable (head width) was assumed to be Gaussian, temperature was a continuous variable standardized to have mean 0 but retaining the original scale of measurement (°C) and head widths were on the original scale of measurement (mm). Note that head widths were measured at the same age in all larvae and hence represent a measure of growth rates. We used weak proper priors (a i = 0.2, a iT = 0.02, ν = 0.01; where v is the degree of belief parameter), but more informative priors, parameter expanded priors or estimating variances using REML yielded qualitatively similar results. Each model was run for 500 000 iterations and the first 100 000 iterations were discarded as burn-in. The chain was thinned by 100, resulting in a posterior distribution of each variance parameter containing 4000 samples. Autocorrelations across successive samples were always low, typically~± 0.01. As a full-sib breeding design was used, V A height and V A slope were calculated as 2 times the posterior mode of a i (height) and a iT (slope) (Lynch and Walsh, 1998; Nussey et al., 2007) . Bayesian credibility intervals (95%) were calculated from the posterior distributions. We report additive genetic variances (V A ) for both TRN height and TRN slope, but emphasize that changes in genetic variances across ontogeny must be interpreted with caution as variances in later growth can be inflated by meanvariance relationships (See Discussion). Whether latitudinal populations harbored significant genetic variation in height (G) and slope (G × E) of TRNs was assessed by comparing the Deviance information criterion score of the random regression model (G × E) to that of a model that only included random family intercepts (G) and that of a null model without random effects. In total, we fitted 159 models (18 latitudinal populations × 3 ontogenetic stages × 3 models = 162, but excluding central populations of C. pulchellum at day 84). Note that V A height and V A slope was estimated for each latitudinal population after pooling data from subpopulations. This was motivated by the fact that subpopulation were situated very close to each other (the mean distance between subpopulations was 22 km, range 0.4-83.3 km; the mean distance between latitudinal populations was 790 km, range 357.0-1545.0 km) and that a previous study of five of the species studied here revealed that gene flow is high and genetic differentiation is weak across the ranges of these species .
Determinants of genetic variances
To test the hypotheses outlined in the Introduction, we tested for the influence of age, species distribution, latitudinal population and latitude on genetic variances. Hypothesis-testing was performed in a Bayesian framework. Using log-transformed samples from the posterior distributions of V A height and V A slope as input data we fitted the following mixed effects models:
Model 7 ln(V A ) = Age+Latitude+Latitude 2 +Latitude 3 Model 8 ln(V A ) = Age+Latitude+Age × Latitude Model 9 ln(V A ) = Age+Latitude+Latitude 2 +Age × Latitude+Age × Latitude 2 Model 10 ln(V A ) = Age+Latitude+Latitude 2 +Latitude 3 +Age × Latitude+Age × Latitude 2 +Age × Latitude 3 Model 11 Latitudinal population was included as a random effect in all models. We used the natural logarithm of V A as the response variable to fulfill the assumption of normality as the untransformed variable was strongly rightskewed. For each model, we were interested in the contribution of the highest order term. Thus Model 1 was fitted to test for the effect of age on genetic variances; Model 2 was fitted to test for the effect of species distribution on V A , and Model 3 was fitted to test for differences in the ontogenetic trend of V A among species differing in distribution. Similarly, models 4-5 were fitted to test for differences among populations in these respects. Models 6-8 were used to test for a linear, curved or sigmoidal latitudinal trend. Models 9-11 were used to test if the ontogenetic trend in genetic variances differed across latitudes. Preliminary analyses suggested that the northern population of C. puella formed an influential outlier with respect to V A height (see, for example, Figure 8a ) and was therefore excluded in the V A height analysis. Each model was fitted 4000 times based on samples from the posterior of V A height or V A slope. After fitting each model, the estimated regression coefficients were saved and used to produce posterior distributions of the effect of the predictor variables (age, distribution, population and latitude) on genetic variances. We report medians and 95% confidence intervals of the coefficients based on the posterior distributions. P-values were calculated as the proportion of coefficients in the posterior distribution that exceeded 0 positively (if the coefficient was estimated Ontogeny and genetic variance V Nilsson-Örtman et al to be positive) or negatively (if the coefficient was estimated to be negative).
Since each model was fitted using 50 data points (combinations of population and age for which V A height and V A slope could be estimated; Supplementary  Table S3) , and because variance components are generally estimated with considerable uncertainty, our focus was not to make quantitative predictions. Instead, we aimed to explore patterns in the data based on the hypotheses outlined in the introduction to reveal potentially, biologically meaningful relationships. We therefore report and illustrate the effects of all variables that were found to have a significant (Po0.05) or weakly indicative (P≈0.10) effect on genetic variances.
RESULTS
Individual head widths increased with age and temperature in all species and latitudinal populations (Figure 3 ; Supplementary Table  S2) . Head widths at hatching varied between 0.33 and 0.41 mm across species and populations (Supplementary Figure S1A ) and were uncorrelated with head widths at subsequent ages (Pearson's q = − 0.086, P = 0.74; Supplementary Figure S1B ). Differences among species, populations in the shape of the relationship between size and temperature on days 42, 84 and 126 thus reflect differences in the thermal sensitivity of growth rate. The height, slope and curvature of age-specific TRNs differed among species, across latitudes and across ontogeny (Figures 3 and 4 ; Supplementary Table S2 ). The agecorrected height of TRNs (that is, growth rate) peaked at midlatitudes between 50-60°N ( Figure 4a ; ANCOVA latitude 2 , t = − 5.439, degree of freedom (df) = 1, Po0.001) and the slope of TRNs at the log-log scale (that is, the thermal sensitivity of growth rate) increased with the latitude (Figure 4b , ANCOVA latitude, t = 3.554, df = 1, Po0.001). These results mirror previous findings when using the same data set (or parts thereof) to calculate size-corrected relative growth rates rather than analyzing head widths directly. Thus, NilssonÖrtman et al (2012) showed that growth rates are higher in Central European species (using data from central latitudinal populations of each species), Nilsson-Örtman et al. (2013a,b) showed that the slope of TRNs increase with latitude (using data from all latitudinal populations) and Nilsson-Örtman et al. (2013a) showed that the slope of TRNs become steeper with age in northern species, but remain constant or decrease in slope in southern and central species (using data from central latitudinal populations of each species). These patterns are repeated here to ease in the interpretation of the novel data on genetic variances. For a full discussion of latitudinal patterns in the shape of TRNs, we refer the reader to the aforementioned papers.
Genetic variation in growth and plasticity All populations were found to harbor additive genetic variation in the height of reaction norms during at least one ontogenetic stage (Table 1 ; Figure 5 , 'G' and 'G × E'). Note, however, that V A height and V A slope could not be estimated for southern populations of C. scitulum due to small sample size. Northern populations of C. puella harbored considerably greater levels of variation in TRN height at all stages than any other population (see for example, Figure 5 , Table 1 ). We did not detect genetic variation in TRN height in 4 out of 50 combinations of latitudinal population and age. This was the case in northern populations of C. johanssoni at day 84 and in all populations of C. mercuriale at day 126 ( Figure 5 ). We detected significant genetic variation in the slope of TRNs in 31 out of 50 combinations of latitudinal population and age ( Figure 5 , 'G × E'). Variation in TRN slope was most pronounced in northern populations of C. armatum and C. pulchellum at day 126, in central populations of C. armatum at day 126, in central and southern populations of C. mercuriale and in central populations of C. scitulum ( Figure 5 ). In 14 out of 18 latitudinal populations, different models (that is, the null, the G or the G × E model) were preferred (based on deviance information criterion scores) during different ontogenetic stages. The exceptions were northern populations of C. armatum, C. pulchellum and C. scitulum, where significant G × E was observed in all ontogenetic stages. These findings indicated a considerable diversity in genetic variances among species, among populations and across ontogeny, explored next.
Determinants of genetic variances
Central European species on average harbored more variation in TRN height than Southern and Northern European species (Figures 6a-c ; Table 1 , significant Distribution: C-effect). V A height did not differ among latitudinal populations (Figures 6d-f ; Table 1 , non-significant population effects). The latitudinal trend in V A height showed a weak tendency to be better described by an S-shaped latitudinal trend than a U-shaped or linear trend (Table 1 ; weakly indicative Latitude 3 effect) but note that the latitudinal trend was not significant. V A height Figure 4 Latitudinal trends in the age-corrected height (a) and age-specific slope (b) of thermal reaction norms across 18 latitudinal populations in six species of damselflies. In a, age-corrected TRN height represents the predicted value at 21°C based on ordinary least-squares (OLS) regressions between log (head width) and log(temperature) fitted for each combination of latitudinal population and age, corrected for differences in mean size across all populations at each age. The dashed and solid black lines represent the second-order polynomial for regression with (solid) or without (dashed) the observation of C. johanssoni (cluster of observation in the lower right hand corner). In b, data points correspond to the slope coefficient from the same OLS regressions. The vertical, dashed gray line in each panel represents the approximate latitudinal position where a shift occurs from a 1-year to a 2-year or longer life cycle. Figure 5 Illustration of genetic variation in phenotypic plasticity of size when measured at different temperatures in three age classes in 18 latitudinal populations of six species of Coenagrion damselflies. Lines represent the best linear unbiased predictors (BLUPs) of family variance components for the height and slope of thermal reaction norms extracted from random regression models fitted with restricted maximum likelihood (REML). Different shades of gray separate data from the age of 42 days (black), 84 days (light gray) and 126 days (dark gray). The scales bars along the y-axes correspond to deviations from the population mean size at each age (in mm). The absolute position of each data series along the y-axis is arbitrary and was chosen to maximize readability. Differences in the slope and elevation within each data series corresponds to the amount of among-family genetic variability in reaction norms at that ontogenetic stage relative to the population mean reaction norm (see for example, Figure 3 ).
Ontogeny and genetic variance V Nilsson-Örtman et al more steeply in Northern European species (Figures 6a-c) . Note, however, that the Age × Species distribution interaction was not significant, whereas the Age × Latitude interaction was significant. This suggests that differences in the ontogenetic trend are better described as a continuous function of latitude. Ontogenetic patterns in V A height did not differ among latitudinal populations (Figures 6d-f ; Table 1 ). To explore the continuous relationship between V A height, age and latitude, we further present predictions from a model containing all significant or weakly indicative latitude and age terms (V A slope~Latitude+Latitude 2 +Latitude 3 +Age × Latitude) together with the raw data in Figure 8a . This revealed that the weak tendency of a sigmoidal latitudinal trend was driven by those variances that tended to be lower at 38°N, peaked around 42-46°N, decreased towards 58°N and increased again towards higher latitudes (Figure 8a ). Note also how the slope of the ontogenetic trend increases with the latitude. V A slope did not differ among species from different parts of Europe (Figures 7a-c ; Table 1 , non-significant Distribution effects). Central latitudinal populations harbored somewhat less genetic variation in TRN slope on average than populations in the southern and northern part of each species' range (Figure 7d-f ; Table 1, significant Population: C-effect). The latitudinal trend in V A slope showed a weak tendency to be better described by an S-shaped latitudinal trend than a linear or U-shaped trend (Table 1 ; weakly indicative Latitude 3 effect), but note that the latitudinal trend was not significant. V A slope increased across ontogeny (Table 1, significant Age effect). The slope of the ontogenetic trend did not differ significantly among populations. However, the slope of the ontogenetic trend again displayed a weak tendency to differ among species differing in distribution (Table 1 , weakly indicative Age × Distribution interaction). Southern and Central species showed no clear ontogenetic trend in V A slope, whereas V A slope tended to increase across ontogeny in Northern species (Figures 7a-c) . The slope of the ontogenetic trend also showed a weak tendency to differ across latitudes, becoming somewhat steeper towards higher latitudes (Table 1 , weakly indicative Age × Latitude interaction). To explore the relationship between V A slope, Age and Latitude in more detail, we present predictions from a model containing all significant and weakly indicative Age and Latitude terms (V A slope~Latitude+Latitude 2 +Latitude 3 +Age × Latitude) in Figure 8b together with the raw data. The weakly indicative Latitude 3 term thus reflected that variances tended to be high at~38°N, reached its lowest levels at~46°N, increased gently towards 58°N and decreased somewhat towards higher latitudes (Figure 8b) . Note also the weak tendency for variances to decrease with age in populations at lower latitudes, but increase with age in populations at higher latitudes.
DISCUSSION
This is the first study to quantify ontogenetic changes in genetic variances of age-dependent plasticity (G × E × Age). By sampling populations along a latitudinal transect spanning 3,600 km (Figure 2 ), we reveal systematic latitudinal variation in genetic variances and in how variances change over ontogeny (Figures 6, 7 and 8) . Although our predictions were only partially supported, our findings support the idea that age-dependent plasticity evolves in response to both environmental variability and species' life history. In particular, our findings highlight how interactions between temperature seasonality, generation length and seasonal time constraints may affect the strength of selection on growth trajectories and thermal plasticity.
Genetic variation in growth and plasticity
Genetic variation in TRN height (that is, G or vertical shift) was detected in all populations and nearly all ontogenetic stages (Figure 5 ), Ontogeny and genetic variance V Nilsson-Örtman et al suggesting a widespread potential to evolve higher or lower growth rates at any stage of development. We predicted that variances in TRN height should be lower at mid-latitudes due to directional selection on growth rates in populations where larvae maintain a 1-year life cycle under strong time constraints. We found an indication of an S-shaped latitudinal trend that lends some support for this prediction. Variances tended to be highest in populations~45°N and tended to decrease continuously towards and beyond mid-latitudes up to about 58°N (Figure 8a ). Genetic variances were thus higher in slow-growing populations under weak time constraints and lower at latitudes where in each latitudinal population for illustrating the ontogenetic trend. Each ontogenetic trend is centered along the x-axis at the latitudinal position of the sampled population. For readability, error bars are not shown but span approximately 2 units on the scale of the y-axis. Each thick black line represents the predicted ontogenetic trend at a given latitude, based on mixed models where the posterior mode of V A height and V A slope were modeled as a function of age, latitude, latitude 2 and latitude 3 , an interaction between age × latitude and a random population effect (see the Methods section and Table 1 ). Areas shaded gray represents the 95% prediction interval accounting for uncertainty in both fixed and random effects. In a, note that the northern population of C. puella (the uppermost data series at~58°N) was considered as outlier when fitting the mixed model as it harbored considerably more variation than any other population. The dashed gray line in each panel represents the approximate latitude where a shift occurs from a 1-year to a 2-year life cycle. Note that the ontogenetic trend tends to be more positive in populations above 58°N in a and b, coinciding with the shift in generation length.
damselflies shift from a 1-year to a 2-year life cycle (dashed lines in Figure 8 ) where growth rates are highest (Figure 4a ). This supports the idea that changes in generation length are an important driver of growth rate evolution in temperate damselflies. Although the current experiment did not have sufficient statistical power to conclusively demonstrate a sigmoidal latitudinal trend, it is important to note that this trend would had been completely obscured if we had not sampled a sufficiently large number of populations across a sufficiently large geographical area to capture important variation in life history traits. This clearly highlights the need to design sampling protocols based on the ecology and life history of the studied species.
Significant genetic variation in TRN slope (that is, G × E, plasticity or generalist-specialist variation) was detected in a smaller number of populations and ontogenetic stages. Natural populations thus vary in their potential to evolve age-dependent thermal plasticity. We predicted that variances would be lowest at~58°N if selection favouring canalization is strongest in populations that maintain a univoltine life cycle under strong seasonal time constraints. We did not have sufficient statistical power to conclusively demonstrate the exact shape of the latitudinal trend in genetic variances. However, our tentative results do not support this prediction (Figure 8b ). Specifically, although variances in TRN slope tended to be lower at midlatitudes than at lower latitudes, the lowest variances did not coincide with the northernmost limit of a 1-year life cycle at 58°N. TRNs were also found to be more strongly canalized in populations from lower latitudes than in populations closer to the northernmost limit of a 1-year life cycle (Figures 3 and 4b) . Neither of these results supports a direct link between the strength of seasonal time constraints and canalization. Alternatively, we hypothesized that variances may be lowest in our southernmost populations if selection favoring canalization is driven by the rate of seasonal changes in temperature. Again, this prediction was not supported as variances did not decrease monotonically towards lower latitudes (Figure 8b ). Instead, selection on the slope of reaction norms appeared to be strongest in populations~46°N, where the strength of selection due to both seasonal time constraints and seasonal changes in temperature can be expected to be moderate. To explain this pattern, we propose below that the strength of selection on thermal plasticity may depend on the interaction between seasonal time constraints and rates of seasonal changes in temperature. This is discussed further under the section 'Selection on growth and plasticity across latitudes' below. Most of the variation in genetic variances, however, was expressed as differences among latitudinal populations in how variances changed over ontogeny, discussed next.
Ontogenetic trends in genetic variances
Genetic variances on average increased with age for both TRN height and slope. Given the difficulties of separating scale effects for plastic traits across ontogeny, this could reflect either variance compounding or that variances tend to increase with the mean (Houle, 1992; Wilson and Réale, 2006) . More importantly, however, this ontogenetic trend was not a universal phenomenon as the relationship between genetic variances and age differed among populations from different latitudes (Figures 8a and b) . These differences cannot be due to mean-variance scaling and clearly show that neither targeted growth nor variance compounding in body size is a general characteristic of damselfly growth trajectories. For both TRN height and slope, the ontogenetic trend in genetic variances tended to differ among populations located above or below about 58°N, showing no clear ontogenetic trend at lower latitudes but an increasing ontogenetic trend at higher latitudes (Figures 8a and b) . At about the latitudes where this change appears to occur, damselflies shift from a 1-year to a 2-year life cycle (Corbet et al., 2006; Nilsson-Örtman et al., 2012) , suggesting that changes in generation length may have a profound influence on the strength of selection on both growth rates and age-dependent plasticity.
For TRN height, we predicted that variances should decrease most strongly with age in populations at mid-latitudes, reflecting strong selection to grow maximally throughout ontogeny when seasonal time constraints are strong. In contrast, we found that V A height increased slightly over ontogeny in most populations, including those at midlatitudes. However, this may simply reflect mean-variance scaling. More importantly, variances increased much more strongly with age above 58°N than in populations at mid-latitudes (Figure 8a ). That univoltine (completing a generation in 1-year) populations at midlatitudes displayed a less steep ontogenetic trend in genetic variances than semivoltine (a generation taking 2 years) populations above 58°N suggests that the age-dependent plasticity may be under stronger selection in populations that experience stronger seasonal time constraints.
For TRN slope, we predicted that the ontogenetic trend in genetic variances would be most strongly negative in low-latitude populations (if slow seasonal changes in temperature favors the expression of agedependent plasticity) or in populations close to 58°N (if seasonal time constraints relative to generation length favors age-dependent plasticity). Unfortunately, our data on V A slope was not conclusive with respect to these hypotheses. In general, V A slope tended to be relatively constant or decrease somewhat with age in populations from below 58°N (Figure 8b ), whereas variances tended to increase with age in populations above 58°N (Figure 8b ). This is consistent with either scenario. However, average variances in TRN slope did not reach their lowest levels in our southernmost populations or in populations close to 58°N. Instead, the population that exhibited the lowest levels of V A slope averaged across ontogeny was the central population of C. mercuriale at 41.5°N, and an inspection of the predictions from the fitted model (thick black lines in Figure 8b ) suggested that average variances were lowest at 46°N. Together, these findings suggest that neither the rate of seasonal changes in temperature nor seasonal time constraints is the sole determinant of selection on age-dependent plasticity. In the following paragraphs, we will outline a possible interpretation of latitudinal patterns in average variances and ontogenetic trends in V A height and V A slope based on the idea that the strength of selection on growth and plasticity may depend on the interaction between temperature seasonality and seasonal time constraints.
Selection on growth and plasticity across latitudes At lower latitudes (between 41 and 49°N), damselflies maintain a 1-year life cycle (Corbet et al., 2006) in an environment with slow seasonal changes in temperature and a long growth season. Consequently, seasonal time constraints are weak, leading to reduced selection on growth rates. At the same time, seasonal changes in temperature are slow, presumably favoring the expression of agedependent plasticity. Taken together, this leads to weak but temporally uniform selection on growth rates and plasticity throughout ontogeny. This is reflected in low average growth rates (Figure 4a; 42-46°N ), relatively high levels of variation in TRN height that increase weakly over ontogeny (Figure 8a ; 42-46°N) and moderate levels of variation in TRN slope that decrease over ontogeny and towards higher latitudes (Figure 8b; 42-46°N) .
Between 50°N and 58°N, damselflies maintain a 1-year life cycle but seasonal changes in temperature occur more rapidly and the growth season becomes shorter towards higher latitudes. Consequently, selection may favor higher growth rates to maintain a short life cycle under time constraints. Even though seasonal changes in temperature are more rapid, age-dependent plasticity may still be highly advantageous as even a small increase in growth rates (for example, by shifting thermal optima to lower temperature in later growth stages) can have a considerable impact on an individual's chance of completing a generation in 1 rather than 2 years. Taken together, this leads to uniform strong selection on both growth rates and age-dependent plasticity throughout ontogeny. Selection on growth rates become stronger with increasing latitude, but the strength of selection on plasticity remains relatively unchanged across latitude as the increase in the benefits of plasticity (driven by time constraints) are canceled out by the increased costs of plasticity (driven by faster seasonal changes in temperature). Reflecting this, growth rates increase with latitude ( Figure 4a, 50-58°N ), variances in TRN height remain constant over ontogeny and decrease with latitude as time constraints become stronger (Figure 8a ; 50-58°N), whereas variances in TRN slope remain constant over ontogeny but remain uniformly low across latitudes (Figure 8b ; 50-58°N).
Above 58°N, a 1-year life cycle is no longer possible because the growth season is too short. Selection on growth rates thus becomes greatly reduced. Age-dependent plasticity no longer confers a selective advantage, both because seasonal changes in temperature are too rapid and because seasonal time constraints (relative to generation length) become abruptly reduced. Taken together, selection on growth rates and age-dependent plasticity is now very weak, especially in older larvae that occur late in fall and during winter when no growth takes place. Reflecting this, growth rates are lower (Figure 4a ; above 58°N), genetic variances in both TRN high and TRN slope are higher on average and increase steeply with age (Figures 8a and b; above 58°N) .
It is intriguing that genetic variances in TRN height were so low in southern populations of C. mercuriale, our southernmost populations (Figures 8a and 5 ). This could possibly reflect that populations at these latitudes are at least occasionally able to complete two generations per year, resulting in stronger selection on growth rates. Unfortunately, information on the life history of southern damselflies remains very sparse (Boudot and Kalkman, 2009) , making it hard to evaluate this possibility.
Evolutionary implications
The diversity we find in how genetic variances change over ontogeny is in accordance with earlier studies finding both increases and reductions in genetic variances towards maturation in wild and laboratoryreared animals (Cheverud et al., 1983; Réale et al., 1999; Charmantier et al., 2006; Dmitriew et al., 2010) . Dmitriew et al. (2010) showed that variances in size converged over ontogeny under high food conditions but diverged over ontogeny under low food conditions, suggesting that ontogenetic trends in genetic variances may depend on the state of the environment. The same may, to some extent, occur in our case. We may, for example, have failed to detect a contraction of genetic variation because the duration of the experiment was too short to detect targeted growth, especially at lower temperatures. If the experiment had run for longer, variances may have contracted at all temperatures. Regardless, our finding that the slope of the ontogenetic trend differs across latitudes shows that although variance compounding in body size may be stronger than compensatory growth during the first 126 days across a range of temperatures, it is not a universal characteristic of damselfly growth trajectories, but is contingent on the environment, as well as past selection history.
Many previous studies have demonstrated genetic variation in TRNs of life history traits (Gavrilets and Scheiner, 1993; Kingsolver et al., 2004) . The majority of studies, however, have been performed using a smaller number of natural populations or with laboratory populations. Much less is known about differences in evolutionary potential across larger spatial scales. Berger et al. (2013) compared development rates in a fly across a latitudinal gradient in Europe, finding genetic variance to be lowest in the southern parts of Europe. They argued that this was a combined effect of stronger selection at warmer temperatures and a tendency of left-skewed thermal reaction, with performance declining more rapidly at higher temperatures. We did not find such a pattern in our study, instead we found a much more complex latitudinal trend in genetic variances. However, it is hard to compare our results with theirs because of the complications due to variation in voltinism. Our results generally reinforce the view that there is considerable scope for evolutionary changes in TRNs throughout ontogeny. An important caveat, however, is that we did not quantify the full genetic covariance structure of size across ontogeny. Responses to selection would be constrained if growth during early and late ontogeny is subject to negative genetic correlations. Given the scale of the present study, it was not feasible to estimate the full covariance structure as it would require a much denser sampling from each of the 18 latitudinal populations. An additional caveat is that we assumed that all offsprings from a single field-collected female are full-sibs. Although damselfly males typically remove all of the sperm from previous matings (Miller and Miller, 1981; Waage, 1986) , we cannot fully exclude the possibility that some offsprings were paternal half-sibs. Maternal effects may also be included in our estimates of V A , but these have been found to be weak or non-existent for larval development in related species (Strobbe and Stoks, 2004; Shama et al., 2011) . Our estimates of V A are thus anticonservative and may not translate directly into evolutionary potential. However, they should be informative for comparative purposes, which was the aim of this study.
Estimating variance parameters across ontogeny is complicated by the fact that variances scale with the mean of the distribution they are derived from (Houle, 1992) . A common approach to deal with this is to scale traits to unit variance before estimating genetic variances. We considered this possibility, but it is not clear how to do this for plastic traits without losing information on the magnitude of differences in trait values among environments (that is, variation in slope). An alternative approach is to calculate a standardized measure of evolvability by dividing variances by the mean trait value. This, however, is not meaningful in this case since variances are estimated based on zero-centered data, that is, variation not accounted for by the fixed effects in Equation 2 (Garcia-Gonzalez et al., 2012) .
Studying multiple species as we have done here is a powerful way of revealing general patterns in nature (Garland and Adolph, 1994) ). However, here we have collated data from multiple closely related and ecologically similar species into a single genetic data set. Doing so allowed us to produce a genetic data set that covers a much greater range of life history strategies than if we had studied a single species over a smaller geographic range. However, this also introduces the risk that some aspects of the observed latitudinal patterns of genetic variances may reflect phylogeny rather than selection acting on standing and mutational genetic variances. It should be noted, however, that the sampled populations display considerable latitudinal overlap among species (Figure 1) and that within and across species patterns were largely congruent (Figures 6 and 7) . This suggests that phylogeny alone is not sufficient to explain these findings.
Since no other Coenagrion species occupy a larger latitudinal range than those studied here, exploring the observed patterns further within this genus is limited to sampling populations from multiple species. However, a much stronger test of the generality of the observed patterns is possible by sampling a larger number of populations from a single species whose distribution spans a similarly large range of environments and that display a similar variability in life history. There is one species in a closely related genus that appears especially promising in this respect, Enallagma cyathigeron. This species' distribution spans almost the entire latitudinal range studied here (Dijkstra and Lewington, 2006) and appears to display considerable latitudinal variability in its life history (Johansson, 2003) . Quantifying latitudinal patterns of additive genetic variances across ontogeny in such a widespread species undoubtedly provides a promising way forward in studying the genetics of age-dependent plasticity.
Complex life history traits such as growth rates are generally believed to be largely determined by additive genetic variation (Hill et al., 2008) . Our study both support and contradict this view. On the one hand, the fact that growth rates increase between 42 and 58°N while genetic variances decrease is consistent with a model of evolution where directional selection depletes additive genetic variances in the vertical direction of TRNs. On the other hand, northern populations of C. puella form a striking exception to this as it simultaneously displays high growth rates ( Figure 4 ) and high levels of genetic variation in TRN height (topmost trajectory in Figure 8a ). This finding is surprising, and forced us to treat this population as an outlier when analyzing latitudinal trends in V A height (Figure 8a ). Currently, we have no good explanation for this outlier. A simple answer would be that this population has an unusual genetic structure, which overestimates additive variance. Another explanation could be that at this latitude there are two discrete cohorts that differ in life cycle length: one which completes its life cycle within a year and another that has a 2-year life cycle. Such life cycle difference should result in a high genetic variation in growth rate if a population is sampled randomly. Sympatric alternate cohorts are not uncommon in Coenagrion damselfly populations, as shown in the study by Watts and Thompson (2012) .
Our results suggest that changes in growth rates across latitudes do not simply reflect changes in gene frequencies of alleles that determine the physiological limits of growth (for example, growth efficiency). Rather, this may reflect that growth rates depend on complex interactions between behavioral and physiological factors such as food intake rates, activity levels and metabolic efficiency (Dmitriew, 2011; . Larvae may, for example, achieve higher growth rates under seasonal time constraints by switching from a passive to an active life style to increase their food intake rates (McPeek, 2004) . This would result in an abrupt increase in growth rate while still maintaining additive genetic variances in growth efficiencies (Johansson, 2000) . The fact that C. puella occurs over a much wider range of habitats than other species, may hint that it harbors a considerably greater behavioral repertoire than other species.
By quantifying genetic variances of plasticity in many populations and species, this study yielded several insights into how evolutionary changes in both growth rates and age-dependent plasticity may be important for adaptation to seasonal environments. In particular, the strength of selection on growth rates and environmental sensitivity of growth appears to vary in time and space as a result of interactions between temperature seasonality, the life cycle of the studied organisms and the length of the growth season. Similar studies on a wider range of taxa that differ in generation time and in the seasonal timing of growth across their range are likely to be highly informative with regard to the role of age-dependent plasticity in life history traits during local adaptation.
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